Microbial colonization of bone is an important mechanism of post-mortem skeletal degradation. 47
Introduction 67
Skeletonization is the final stage of human decomposition, exposing bone to the surrounding 68 environment [1] . Once the body has progressed to a skeletonized state, teeth and bone become the only 69 materials that can be used for DNA identification. However, while bone is more recalcitrant than soft 70 tissue, it is not stable; it continues to decay over time. With death, bone undergoes decomposition and 71 diagenesis, the postmortem alteration of bone by chemical, physical, and biological factors that result in 72 modification of the original bone material [2] . Time alone is not a good indicator of skeletal DNA 73 preservation [3] . Instead, bone diagenesis and DNA survival is highly dependent on the depositional 74 environment, including microbial activity [4, 5] , just as the decomposition of all organic resources are 75 influenced by the decomposer community and physicochemical environment [6] . 76
Bone decay mechanistically proceeds via chemical and/or microbial degradation of the organic 77
and inorganic components of bone [7] . Microbes are capable of colonizing and degrading human bone, 78
and microbial DNA is often co-extracted with human DNA, which interferes with downstream processes 79 [8] [9] [10] . The organic component of bone consists of 90-95% type I collagen (primarily made up of glycine, 80 proline, and hydroxyproline), with minor contributions from other non-collagenous proteins (e.g., 81
osteocalcin, osteoponin, and osteonectin) as well as lipids, mucopolysaccharides, and carbohydrates [11] . 82
The inorganic or mineral component is most similar to hydroxyapatite and consists of calcium, phosphate, 83
carbonate, and to varying degrees sodium [2, 12, 13] . Bone apatite, or bioapatite, can be described as 84
'nature's trashcan,' as infiltration and substitutions for environmental elements are common [2] . One of 85 the main requirements for lasting preservation via fossilization is a complete shift from bioapatite
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In 2009, three male individuals were placed outside on the ground surface to decompose naturally 132 at the Anthropology Research Facility (ARF) at the University of Tennessee, Knoxville (UTK) (S1 133  Table) . The individuals were donated to the donated to the University of Tennessee Forensic 134
Anthropology Center for the W. M. Bass Donated Skeletal Collection. Because no living human subjects 135
were involved in this research and no personally identifiable information was collected, the project was 136 exempt from review by the University of Tennessee Institutional Review Board. The skeletons were 137 mapped and recovered following complete skeletonization (13 to 23 months), and gently washed with a 138 new toothbrush and tap water at the Forensic Anthropology Center (UTK). The same 55 bones and teeth 139 from each individual (total n = 165), which represented all skeletal element types, were selected for 140
sampling (Table 1, S2 Fig) . Prior to sampling, the external surface of each bone was cleaned by 141 mechanically removing 1 to 2 mm of the outer surface, followed by chemical cleaning via bleach, 142 ethanol, and sterile water. Bones were sampled using a drill and masonry bit at slow speeds; DNA was 143 extracted from sampled bone powder using a complete demineralization protocol [39] . Bone sampling 144
and DNA extraction and analysis were previously described in detail in Mundorff and Davoren [28] .
145
Human DNA quality and quantity were examined to elucidate patterns of DNA preservation by bone type 146
[28]. These remaining skeletal DNA extracts were used in the present study to assess microbial loading 147 via qPCR and microbial community composition and structure using next generation sequencing of the 148 16S rRNA and 18S rRNA genes. 149 150 including metadata, can be found at https://github.com/ aemmons90/Surface-Bone-Microbe-Project.
209
Samples with less than 5,000 reads were removed from analyses, and remaining samples were 210 rarefied to even depth by the smallest library (16S rRNA min. library = 48,288 reads; 18S rRNA min. 211 library = 5,368 reads) prior to alpha and beta diversity measurements including ordination methods and 212 visualizations based on ordination methods (S1 and S2 Figs). Bray-Curtis dissimilarities were computed 213 for all ordinations. Alpha diversity metrics including Inverse Simpson and observed richness were 214 computed using a subsampling approach, in which richness and diversity metrics were computed for a 215 total of 100 iterations, each scaled to even depth. ). Fastqc and multiqc showed a significant 227 reduction in mean base quality in both forward and reverse reads. Forward reads showed a drop in mean 228 quality scores at an approximate position of 250 bp (Phred scores < 25), the same drop in quality was 229 observed in reverse reads at ~200 bp. As a consequence, trimming to remove low quality base pairs 230 resulted in a dramatic loss of reads. Following cutadapt and trimmomatic, total 18S rRNA contigs were 231 reduced by 46%, and after further processing in mothur, sequences were further reduced by 49%, 232
resulting in a total read loss of 95% (from 30,253,173 sequences to 1,518,971). This left a total of 233 1,518,971 sequences, of which 181,486 were unique. Due to poor read quality, individual A was removed 234
from additional data analysis in phyloseq, resulting in a remaining 7,901 OTUs across 91 samples. 235
Following the removal of samples with less than 5,000 reads, a total of 71 samples remained. Though bacterial gene abundances, which were used as a proxy for bacterial loading, were often 274 high when human DNA quantities were low, for example in the teeth, upper torso, lower torso, and in the 275 hand, this relationship was not consistent across all body regions. Despite foot bones having some of the 276 highest human DNA quantities, these also corresponded with high bacterial gene abundances (Fig 1) . 277
While bones with high cortical content generally demonstrated lower bacterial infiltration, bacterial gene 278 abundance was not a significant predictor of percent cortical content (adjusted R 2 = -0.03) (Fig 2A) . Total 279 DNA was, however, a significant predictor of percent cortical content (p < 0.001, F = 71.43, DF = 1, 33, 280
adjusted R 2 = 0.67); as the percentage of cortical bone decreased, total DNA increased (Fig 2A) . Therefore, to test the effects of various predictor variables on human DNA recovered from bone, 297
individuals were assessed independently. Bacterial gene abundance did not significantly predict human 298
DNA concentration in two out of three individuals (A, p = 0.12; B, p = 0.05), while bacterial gene 299
abundance demonstrated a positive relationship with human DNA concentration in individual C (p = 0.01, 300 F = 6.85, adjusted R 2 = 0.113) ( Fig 2B) . A similar relationship was observed for total DNA, which 301
showed a positive relationship with human DNA concentration for individual C (p = 0.001, F = 12.41, 302
adjusted R 2 = 0.199). In addition, percent cortical content was a significant predictor of human DNA 303 concentration in two of three individuals (B, p = 0.003, F = 10.33, DF = 1, 41, adjusted R 2 = 0.182; C, p = 304 0.002, F = 11.75, DF = 1, 37, adjusted R 2 = 0.221).
305
When including all predictors (i.e., bacterial gene abundance, total DNA concentration, and 306 percent cortical content) in a single model, the assumption of multicollinearity was not met, indicating 307 that predictor variables were highly correlated. 308
309
Bacterial community analysis 310
Bacterial communities showed contributions from 47 phyla; of these, only 12 demonstrated 311 greater than 2% relative abundance when averaged by bone type: Proteobacteria (20 to 57%), 312
Actinobacteria (4 to 37%), Firmicutes (2 to 35%), Bacteroidetes (2 to 21%), Planctomycetes (0.2 to 11%), 313
Saccharibacteria (0.2 to 12%), Chloroflexi (2.8 to 7.8%), Verrucomicrobia (0.05 to 4.7%), Chlamydiae 314 (0.02 to 3.9%), Acidobacteria (0.04 to 2.2%), BRC-1 (0.009 to 2.3%), and Deinococcus-Thermus (0 to 315 7.0%) (Fig 3) . all individuals combined. Bone phyla membership was averaged by bone type (n = 3), except in the 319 navicular, occipital, and sternum (n = 2). 320 321
Bacterial communities significantly differed by individual (p = 0.001, F = 11.08, DF = 2) (Fig 4) , 322
body region (p = 0.001, F = 3.99, DF = 7), human DNA concentration (p = 0.02, DF = 3, F = 1.48), and 323 cortical bone content (p = 0.003, F = 1.28, DF = 5). There was a significant interaction between body 324 region and individual (p = 0.001, F = 2.70, DF = 14) and body region and cortical content (p = 0.02, F = 325
1.23, DF = 4) ( Fig 5) . Heterogeneous multivariate dispersion was observed by individual (p = 0.016), 326
body region (p = 0.001), and cortical category (p =0.001), but not human DNA (p = 0.27); bacterial 327 communities from individual A and C clustered more tightly compared with individual B (Fig 4) . When 328 examining individuals independently, body region remained significant (A, p = 0.001; B, p = 0.001; C, p 329 = 0.001), while cortical content remained significant in individuals B and C (B, p = 0.003; C, p = 0.03) 330
but not A (p = 0.63). individual was considered independently, diversity also significantly differed by body region (A: p < 343 0.01, Χ 2 = 19.0, DF = 7; B: p < 0.0001, Χ 2 = 34.6, DF = 7); C: p < 0.001, Χ 2 = 24.9, DF = 7) (S3 Table; Mycobacterium), these OTUs did not remain significant after correcting p-values using FDR.
357
Random forest models were used to identify bacterial OTUs associated with differences in human 358
DNA concentrations. The initial model generated had a mean absolute error of 91.7 (p = 0.03, adjusted R 2 359 = 0.09), with 30 predictor OTUs identified (S7 Fig) . Important predictor OTUs were represented by 360
Actinobacteria (importance = 30%), Bacteroidetes (17%), Firmicutes (23%), and Proteobacteria (30%).
361
Contributing OTUs greater than 1% included the genera Clostridium, unclassified Dermacoccaceae, 362
Paracoccus, and Actinotalea (S7A Fig) . The model only slightly improved when excluding teeth from the 363 analysis (mean absolute error = 72.5, p = 0.02, adjusted R 2 = 0.12). When teeth were excluded, the top 364 five predictor OTUs became unclassified Dermacoccaceae (14%), unclassified Desulfuromonadales (9%), 365
Clostridium (3%), unclassified Gaiellales (3%), and unclassified Mollicutes (3%). 366 367
Microbial eukaryotic community analysis 368
Microbial eukaryotic communities showed large contributions from Ascomycota (mean relative 369 abundance 40%), Apicomplexa (21%), Annelida (19%), Basidiomycota (17%), Ciliophora (14%), and 370 enigmatic Eukaryota (including Incertae sedis) (14%), with additional contributions from Cercozoa (9%) 371
Peronosporomycetes (8%), Nematoda (7%), and Cryptomycota (6%). Unclassified Eukaryota had a mean 372 contribution of 8% (Fig 6) . While Apicomplexa had a high mean relative abundance (21%), this was 373 dominant in a single sample, a fibula from individual B. shown for only those phyla with greater than 1% relative abundance, and for two of the three individuals 377
(B and C). Data were not averaged by bone type. 378
Eukaryotic communities showed similar patterns in beta diversity compared to bacterial 380
communities. When testing differences between body region, individuals, human DNA quartiles, and 381 cortical content, microbial eukaryotic communities significantly differed by individual (p = 0.001, F = 382 8.69, DF = 1), body region (p = 0.001, F = 2.83, DF = 7), human DNA (p = 0.02, F = 1.41, DF = 3), and 383 cortical content (p = 0.001, F = 1.60, DF = 5), with a significant interaction between body region and 384 individual (p = 0.001, F = 4.08, DF = 3), body region and human DNA (p = 0.02, F = 1.25, DF = 4), and 385
individual and cortical content (p = 0.008, F = 1.72, DF = 1). Due to sequence loss, alpha diversity 386 metrics were not computed.
387
A random forest model was also applied to the microbial eukaryotic dataset to identify OTUs 388 contributing to patterns of human DNA preservation. Characterizing the postmortem bone microbiome 403
The post-mortem bone microbiome is diverse and variable in the human skeleton two years after 404 death. Excluding Planctomycetes and Saccharibacteria, dominant taxa observed in this study were also 405
shown to dominate human rib samples from twelve individuals that had decomposed at the ARF [37]. Rib 406 samples from the current study most closely resembled dry remains from Damann et al. [37] in phyla-407 level contributions, but also contained taxa proportions greater than 2% from Verrucomicrobia, 408
Saccharibacteria, Planctomycetes, Chloroflexi, and Chlamydiae (S10 Fig). Discrepancies in observed taxa 409 may be due to differences in sample size and sequencing analysis methodologies. Planctomycetes, a 410 phylum commonly associated with aquatic environments, and Saccharibacteria, a phylum containing 411 multiple environmental taxa have been observed in gravesoils [54, 55] . 412
Ascomycota, observed in 100% of samples (71 of 71) in the eukaryotic dataset, and 413
Basidiomycota, observed in 55% of samples, were the dominant microbial eukaryotes. This was 414 unsurprising, as these fungal phyla contain multiple saprophytic groups that have previously been 415 observed in association with decomposing carrion [56] . In addtion to fungi, multiple phyla of protists 416
were also detected, including Apicomplexa (5 of 71 samples), Ciliophora (49 of 71 samples), and 417
Cercozoa (49 of 71 samples). Protists found in association with bones may be opportunistic, potentially 418 transferred to remains via soil, scavengers, insects, precipitation, and run-off, and may be active fungal 419
and bacterial consumers. For example, the genus Rhogostoma, which was prevalent in samples from 420 individuals A and B, is known to consume both fungal and bacterial species [57] . Similarly, Nematoda 421
were detected, with the majority of sequences belonging to the family Rhabditidae, which contains bacterivorous members, previously observed in decomposition research [58] [59] [60] [61] . Other bacterivores 423 detected within human bones included Tubulinea, Cercozoa, and Apicomplexa, which have also been 424 found in soils underlying human remains [61] . Cercozoa and other testate amoeba are extremely sensitive 425
to environmental change, and generally decrease in soil with cadaveric inputs [62] . While certain species 426
have responded with positive growth during late stage decomposition (from 1 month to 1 year post-427 mortem) [63] , their presence in bones over a year after death likely reflects a shift back to more 428 oligotrophic conditions. 429
Presence of Deinococcus-Thermus, a phylum well-represented by thermophiles [64], at greater 430 than 1% relative abundance in 6% of samples, is suggestive of a harsh environment. Bones deposited on 431
the soil surface are exposed to daily and annual temperature contrasts. East Tennessee experiences 432
freezing winter temperatures and temperatures greater than 37°C in the summer, which can influence 433 moisture availability. As indicated by Reeb et al. [38] , bone may provide shelter from harsh environments 434 (i.e., variable temperature, UV). Individual C had greater abundances of Deinococcus-Thermus than B 435
and A (S11 Fig Beta diversity analyses showed differences in bone microbial communities, including both 443 prokaryotes and eukaryotes, by individual and body region. This is unsurprising, as there is extensive 444
research on the living human microbiome and the multitude of variables leading to differences in 445 microbial community structure and composition between individuals including life history (e.g., health 446
and diet) [66] [67] [68] . Two of the three individuals had a history of diabetes (individuals A and C), which 447
may have contributed to differences in microbial community structure and composition [69] . Moreover, 448 placement duration at the ARF and differences in temperature and precipitation likely contributed to 449 differences observed between individuals. In particular, bacterial alpha diversity was lowest in individual 450
A and greatest in C, reflecting differences in exposure duration (S3 and S9 Figs). The impact of soil 451 microbiota is expected to increase overtime with prolonged soil contact [37] . Because of this, we 452 hypothesize that differential rates in skeletonization likely influence bone microbial composition and 453 structure at any given time point, which likely has implications for post-mortem interval estimation. 454
Recently, Pechal et al. [70] showed microbial differentiation by anatomic region (i.e., external 455 sites from the auditory canal, eyes, nose, mouth, umbilicus, and rectum) up to 48 hours after death. 456
Though they speculated that this pattern would likely attenuate with longer post-mortem intervals, this 457 has yet to be tested. Here, bone microbial communities retained differences by anatomic location in 458
individuals with post-mortem intervals greater than 1 year. Micro-environmental differences in soil 459
communities as well as differences in enteric microorganisms and their abilities to compete and persist 460
with soil microorganisms colonizing the body likely contributed to spatial differences observed in 461 anatomic regions and between different individuals. Research on the human microbiome has shown 462 microbial community uniqeness by individual as well as body site and time [71, 72] , and has recently 463 gained utility in forensics [73, 74] . Nicholson et al. [75] demonstrated that bones in similar environments showed drastic differences 465 in bone preservation, despite similarities in soil pH and drainage. This evokes the question: if not the 466 environment, then what is the source of these differences? Enteric/putrefactive bacteria have been posited 467
as the primary source of microbial bone degradation in pig remains; neonatal pig remains demonstrated 468 no evidence of microbial degradation, which researchers hypothesized as being related to the relative 469 sterilitiy of infant guts compared with adults [31] . While the source of bacteria in this study remains 470
unknown, as we have no gut or soil samples prior to placement to track bacterial translocation, we suspect 471 that both soil and gut microbes are able to colonize and aid in bone degradation (e.g., [76] was not a significant predictor of human DNA concentration, and cases where bacterial gene abundance 488 did significantly predict human DNA (i.e., individual C), the relationship was positive, indicating that the 489 degree of microbial loading does not negatively impact the pattern of skeletal DNA preservation in 490 remains with environmental exposure up to two years. Rather, the presence of specific taxa likely has a 491 greater impact on skeletal integrity. 492
Additionally, presence of both aerobic and anaerobic genera points to the existence of micro-493 spatial differences within a single bone. This phenomenon is also observed in soils where anaerobic 494 microsites can persist within a well-drained, well-aerated soil. Extracellular polymeric substances were 495 observed surrounding living cells on bison bone at Yellowstone National Park [38] . This highlights the 496 importance of biofilm production in microbial bone colonization. Though microscopy was not performed 497
here to confirm biofilm presence, we hypothesize that biofilm production combined with increased 498 microbial biomass during decomposition plays an important role in the development of micro-spatial 499 differences in oxygen access and respiration strategies. 500 501 Microbial taxa associated with skeletal DNA preservation 502
Random forest models were minimally successful in identifying microbes related to DNA 503 preservation patterns, however models were likely complicated by microbial community differences by 504
individual and body region. While bacterial OTUs produced more accurate random forest models than 505 eukaryotic OTUs, the best model resulted when combining both bacterial and eukaryotic data sets, with a 506
Saccharomycetales OTU identified as the most important contributor to the model. Saccharomycetales, commonly associated with the oral microbiome of healthy humans [77] , decreased in abundance with 508 increased human DNA concentrations in the cranium of individual B. Oral microbes may persist 509 throughout decomposition and may be implicated in DNA survival. 510
Similarly, bacterial random forest models were conflated by body region; genera Actinotalea and 511
Paracoccus, showed increased abundances with human DNA concentrations in teeth, while 512
Dermacoccaceae demonstrated increased abundances in feet. Importantly, increased abundances of 513
Clostridium, a genus that contains known collagenase producers [12] , were associated with decreased 514
human skeletal DNA concentrations. The foot is the farthest anatomical region from the gut, and 515
interestingly, bones of the feet had some of the highest human DNA concentrations. If the Clostridium 516 present in bones is primarily derived from the gut, then distance from the gut may be an important factor 517 related to human DNA degradation. Though predictor taxa could be identified using random forest 518 models, their functional role in DNA degradation, if any, remains unclear. The variation seen by body 519 region and individual may be minimized by increasing the research sample size to include more 520 individuals. 521 522
Conclusions
523
Most of what is known regarding the microbial degradation of bone is from histological research 524 concerning archaeological bone (e.g., [32, 34, [78] [79] [80] ). The current study used next generation sequencing 525
technologies to provide a survey of bacteria, fungi, and protists potentially capable of bone colonization. 526
Though specific taxa were correlated to patterns of human DNA preservation using random forest 527 models, the functional role of identified bone microbes remains unknown. Because the target of this study 528
was DNA, which provides information regarding presence rather than activity, it is difficult to discern 529 incidental taxa, i.e. taxa that are present and inactive, from taxa that are actively degrading bone. This is a 530 longstanding challenge in microbial ecology: linking structure and function. Remnant extracellular DNA 531 of microbial origin is a problem [78] , and microbial DNA can bind to hydroxyapatite similar to human 532 DNA [79, 80] , further complicating observed differences in community composition and structure. 533
Nevertheless, the current study presents a first step in characterizing microbial community differences 534 across bone types within and between individuals following skeletonization. Ultimately, this provides a 535 foundation for understanding the postmortem colonization of bone by microbes and the subsequent 536 effects on bone stability and human DNA preservation and may help guide targeted human DNA 537 recovery. 538 539 Acknowledgements 540
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